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However, one of the factors that would limit the mass commercialization of fuel-cell-powered vehicles is fuel cell durability. The durability issue is an intricate convolution of many factors associated with fuel cell materials properties, system design, and operation conditions. Understanding the materials properties and how they influence the overall durability is an important step toward solving the durability issue at the materials level or providing strategies to mitigate the durability issue at the system and operation levels.
A PEM fuel cell is a complex materials system, which consists of at least six essential materials subsystems, i.e., electrode, membrane, diffusion media, bipolar plate, subgasket, and sealant. The electrode, a vital component of the PEM fuel cell, is a composite materials subsystem composed of platinum ͑Pt͒ or Pt alloys as catalysts, carbon blacks, e.g., Vulcan XC-72 ͑Cabot Corp.͒ as a catalyst support, and ionomers, e.g., Nafion DE2020 ͑DuPont͒ as a binder and proton conductor. Normally, in a new electrode that has not been subjected to fuel cell testing, the Pt catalysts are nanometer-sized particles ͑ϳ2 to 4 nm͒ and are dispersed on high surface area carbon blacks ͑ϳ250 m 2 /g for Vulcan XC-72͒ to achieve high Pt utilization and activity. The carbon blacks provide a structural framework for the thin ͑ϳ12 m͒ electrode layer while maintaining a sufficient porosity ͑ϳ65%͒ to allow for effective mass transport through the electrode layer. Postmortem microstructural studies after durability tests ͑startup/shutdown and local fuel starvation͒ revealed that carbon corrosion can be a major mechanism that degrades the electrode structure. 2, 3 Carbon corrosion results in the loss of the carbon surface area needed for supporting the Pt catalysts and the loss of electrode porosity needed for mass transport. As a consequence of carbon corrosion, the Pt catalysts agglomerate ͑evident by Pt particle growth, although not all Pt particle growth is caused by carbon corrosion; other mechanisms, e.g., Ostwald ripening/coalescence 4, 5 can also result in Pt particle growth͒ and the electrode structural framework collapses ͑evident by significant electrode thickness reduction͒.
Numerous studies have been conducted to characterize the morphology and microstructure of carbon blacks because carbon blacks are one of the oldest and most widely used industrial products. [6] [7] [8] [9] Typically, the carbon blacks have three geometric entities: primary particle, aggregate, and agglomerate. 6 The primary particle is a nanometer-sized ͑ϳ50 nm͒, spheroidal, and structurally heterogeneous entity. A widely accepted microstructure model of amorphous carbon primary particles was referred to as a "concentric crystallite" model. 7 According to this model, the carbon primary particle has a heterogeneous structure: The center portion of the particle is made up of small and imperfect crystallites, single-layer planes, and possibly fully amorphous carbon, and the outer shell is made up of larger, more perfect crystallites whose layer planes are generally oriented parallel to particle surfaces.
The carbon primary particles are fused together via covalent bonds to form aggregates. Extensively fused carbon primary particles can be separated from the aggregate only by fracturing them. In this sense, an aggregate represents the true smallest structural unit of carbon blacks. The aggregate size ͑the longest length of the aggregate͒ varies over a broad range ͑from tens of nanometers to a few micrometers͒ within and between different types of carbon blacks. 6 The aggregate morphology can be classified into four easily discernible categories, i.e., spheroidal, ellipsoidal, linear, and branched aggregates, 8 with branched aggregates being typically used for fuel cells. The presence of these complex shapes creates internal voids and makes carbon blacks porous in nature. A large number of aggregates are physically held together via van der Waals forces to form chain or clusterlike agglomerates. Unlike aggregates, agglomerates can be broken under mechanical stress into smaller units. Transmission electron microscopy ͑TEM͒ is one of the most widely used methods for characterizing the size and shape of carbon aggregates and is an American Society for Testing and Materials, West Conshohocken, PA standard method ͑ASTM D3849-07͒. tial͒ reactions. This subject has been extensively studied before. 3, 6, [11] [12] [13] [14] [15] [16] A brief outline relevant to this work is given below.
Gas-phase oxidation (oxygen and thermal).-
The primary products from the reactions of carbon with oxygen are carbon monoxide ͑CO͒ and dioxide ͑CO 2 ͒ as shown below
CO and CO 2 are referred to as gaseous oxides. Besides the gaseous oxides, surface oxides ͑surface groups containing oxygen, e.g., phenol, carbonyl, carboxyl, quinone, and lactone͒ 12 may also be produced via chemisorption during carbon oxidation by oxygen. The surface oxides are stable at low temperatures ͑from ϳ40 to 500°C͒, but they become unstable and evolve into gaseous oxides at elevated temperatures. 11 A generic reaction shows this reaction sequence as follows carbon → surface oxides → gaseous oxides ͓3͔
Liquid-phase oxidation (without potential).-As with gas-phase reactions, the reaction of carbon with inorganic acids ͑e.g., HNO 3 ͒ can form either gaseous oxides or surface oxides depending on oxidizing conditions. Harsh oxidizing conditions ͑strong acid and high temperature͒ lead to gaseous oxides and a complete dissolution of the material. The dissolution rate depends on the surface area, structure, and surface condition of carbon blacks. 13 When oxidizing conditions are milder, surface oxides are formed. These surface oxides evolve into gaseous oxides during thermal desorption. 14 The most striking structural change caused by the above oxidation reactions was that center-hollowed carbon primary particles were produced. Center-hollowed particles were observed by Heckman and Harling via a gas-phase reaction under 450-500°C in 50% O 2 or air, 7 by Donnet and Bouland via a liquid-phase chemical reaction in 40% HNO 3 for 24 h, 15 by Gruver via an electrochemical reaction in a phosphoric acid fuel cell, 16 and by Liu et al. via an electrochemical reaction in a PEM fuel cell. 3 This center-hollowed morphology suggested that carbon corrosion proceeded in an insideout corrosion mode, which is in an excellent agreement with the above-mentioned concentric crystallite structural model. 7 The lessorganized core is more active from an energy perspective 17 and is, therefore, more vulnerable to corrosion than the well-organized outer shell. The preferential loss of the active material in the core results in center-hollowed particles.
Electrochemical oxidation (with potential
The goal of this work is to identify all possible structural changes caused by various types of carbon oxidation reactions. The fundamental understanding to be gained from this work is expected to address the question of how the removal of only 10-15% of carbon can lead to the drastic loss of high current density performance in fuel cell testing. 18 To achieve this goal, studies on carbon structure and structural changes after corrosion were carried out by using both conventional and environmental TEM. The samples were raw platinized carbon black powders, these powders after gas-phase oxidation inside the environmental TEM, and these powders after corrosion in the electrochemical cell. In addition, carbon weight loss studies were carried out on membrane electrode assemblies ͑MEAs͒ in a fuel cell setting to help quantify carbon weight loss in the electrochemical cell test. This paper presents the results obtained from these studies.
Experimental
Material.-Carbon black with a 50 wt % Pt loading ͑50 wt % Pt/C, Tanaka Kikinzoku Kogyo K. K., Japan͒ was used in this work. The carbon black was Vulcan XC-72 ͑Cabot Corp.͒. The perfluorosulfonate ionomer Nafion DE2020 ͑solution͒ and the NRE211 ͑membrane͒ used were both from DuPont. The DE2020 consisted of an ionomer, H 2 O, and n-propanol ͑with a weight ratio of 22:33:45͒ and had an equivalent weight ͑EW͒ of 976; the NRE211 had a thickness of 25 m and an EW of 1100. MEAs for fuel cell testing were fabricated using a conventional catalyst-coated membrane method, which is described elsewhere. 19 The MEAs had an ϳ50 cm 2 area, an ϳ0.05 mg Pt/cm MEA 2 loading at the anode, an ϳ0.4 mg Pt/cm MEA 2 loading at the cathode, an ionomer to carbon weight ratio of ϳ0.8/1, and the NRE211 membrane ͑ϳ25 m͒ between the anode ͑ϳ6 m͒ and cathode ͑ϳ12.5 m͒.
Particle analysis.-TEM particle analyses were performed on the 50 wt % Pt/C powders. Samples suitable for TEM observations were prepared by a method based on the ASTM standard procedure D3849-07. 10 A brief description of the sample preparation is as follows: weigh 5-10 mg of the sample into a 30 cm 3 glass vial, add ϳ20 mL of chloroform ͑EMD Chemicals, Inc.͒, and place the vial into an ice-water bath; insert a Sonicator 3000 probe ͑Misonix͒ to a depth of ϳ2.5 cm and ultrasonicate at 40-50 W for 10 min; combine 2-4 mL of the dispersion and 20 mL of chloroform into a new vial and ultrasonicate for an additional 3 min; check the concentration of the dilute dispersion and, if necessary, adjust the concentration by adding more concentrate or chloroform as required, then repeat the ultrasonic agitation; place a drop of the final dispersion on a carbon/Formvar-coated TEM grid ͑SPI͒ and allow the specimen to dry overnight at 25°C in air. TEM images were acquired on an FEI Tecnai F20 microscope operated at 200 kV. Particle analyses on the TEM images to obtain the size and size distribution of carbon aggregates were performed using the particle analysis functionality of a DigitalMicrograph software ͑Gatan͒.
Environmental cell TEM.-Environmental cell ͑gas cell͒ TEM was used to conduct in situ studies of the gas oxidation of the 50 wt % Pt/C powders. The microscope was an FEI Titan 80-300 with a differentially pumped gas cell, which has capabilities of heating/ cooling specimens and providing reducing/oxidative environments. Details about the gas-cell TEM design and capabilities have been described in the literature. 20 In this work, the gas oxidation of the 50 wt % Pt/C powders was done at elevated temperatures in a 2% O 2 /He environment with various inlet pressures. The gas cell was purged with nitrogen for five to seven times before the introduction of the 2% O 2 /He gas. Disk grids for holding TEM samples used in this work were obtained from Hummingbird Scientific. These disk grids were made of molybdenum ͑Mo͒, had a diameter of 2.3 mm ͑smaller than 3 mm, a de facto industrial standard for TEM grids͒, and were coated with a 5-10 nm thick SiO x amorphous film on one side. The samples were prepared by first dispersing the 50 wt % Pt/C powders in deionized water using a Sonicator 3000 probe at 40-50 W for 10 min and then uploading two to three drops of the final dispersion on the TEM grids using disposable transfer pipettes with a 0.25 mL capacity.
Electrochemical cell test.-The setup of an electrochemical cell used for the electrochemical oxidation of the 50 wt % Pt/C powders is illustrated in Fig. 1 . The electrolyte used was 0.1 M HClO 4 diluted from 70% double-distilled perchloric acid ͑GFS Chemicals͒ with Millipore ultrapure water. The electrolyte was purged with oxygen. The working electrode was a 1000 mesh gold TEM grid ͑SPI͒ loaded with the powder sample bound with trace DE2020 ionomer. A gold wire was connected to the TEM grid through a spot weld. The powder sample was dispersed onto the TEM grid as follows: 1 mg of 50 wt % Pt/C powder was dispersed in 10 mL water with 40 l of DE2020 ionomer. After sonication in a water bath for 5 min, 5 l of the final suspension was pipetted onto the TEM grid and dried at 25°C in air. The counter electrode was a flame-annealed platinum foil. A double-junctioned nonleak Ag/AgCl͑3 M Cl − ͒ was used as a reference electrode. A VoltaLab PGZ402 potentiostat ͑Radiometer Analytical, France͒ was used to control the potential. The electrochemical cell testing was done at 25°C and a constant potential of 1.5 V vs RHE for 10, 110, 1110, and 4000 min.
Fuel cell test.-A 50 cm 2 MEA operated with humidified H 2 ͑80% relative humidity͒ flowing in the anode ͑counter/reference electrode͒ and humidified N 2 ͑80% relative humidity͒ flowing in the cathode ͑working electrode͒ was used to investigate the carbon corrosion at the fuel cell level. The flow rate of H 2 was 200 cm 3 /min while the flow rate of N 2 was 50 cm 3 /min. The operating pressure at both the anode and the cathode was set at 120 kPa absolute. An accelerated test method was employed to evaluate carbon corrosion at 30°C and at 1.5 V vs RHE by measuring CO 2 from the exhaust gas of the working cathode. A gas chromatograph ͑HP-5890 GC, Hewlett Packard Corp.͒ equipped with a methanizer and a flame ionization detector ͑FID͒ was used to convert CO 2 to CH 4 and measure the CH 4 concentration. The detection limit of FID is 1 ppm by volume. The CO 2 evolution out of the working electrode was monitored at every 5 min for the first hour, at every 15 min for the second and third hour followed by monitoring at every hour. The integrated carbon weight loss derived from CO 2 evolution as a function of corrosion time was used to quantify the extent of corrosion on carbon support.
Results and Discussion
Particle analysis.-The dispersion of carbon particles is critical for the analysis of carbon aggregate size and shape. Based on the method described in the ASTM standard procedure D3849-07, 10 the carbon particles were well-dispersed, as seen in Fig. 2 . A total of 661 carbon aggregates were imaged by taking approximately 200 TEM micrographs. Figure 2 is a typical TEM micrograph that shows four carbon aggregates. These aggregates are nicely separated from one another and have good contrast from the background, which facilitates the particle analysis. The aggregate size was defined as the major axis of an ellipse drawn from the aggregate, as shown in the inset of Fig. 2 . The size of the 661 aggregates was measured, and the size distribution is presented in Fig. 3 . As seen in Fig. 3 , the carbon aggregates have a wide size distribution, ranging from tens of nanometers to a few micrometers, which is consistent with the results reported. 21 Carbon aggregates exhibit ellipsoidal, linear, and branched shapes. Shown in Fig. 2 are one ellipsoidal and three linear and branched aggregates. The shape irregularities of carbon aggregates can be quantified using a fractal analysis method, which was first developed by Mandelbrot 22 and applied to carbon black aggregates by Kaye 23 and Flook. 24 The fractal analysis yields a perimeter fractal, D p . The value of D p is between 1 and 2 and the more irregular the aggregate shape, the larger the value of D p . We analyzed different types of carbon blacks including the Vulcan XC-72 ͑D p = 1.22 for the Vulcan XC-72͒, and details about this analysis will be reported elsewhere. 25 In this work, we analyzed the anisometry of carbon aggregates, following a method developed by Medalia and Heckman. 21 The anisometry was defined as the ratio of the aggregate length to breadth ͑the minor axis of an ellipse drawn about an aggregate, as shown in the inset of Fig. 2͒ . By definition, the value of the anisometry equals to 1 for spheroidal aggregates. As shown in Fig. 4 , the values of the anisometry lie between 1.1 and 3.2 for the 661 analyzed aggregates. The anisometry has a weak correlation with the size of the aggregates. Figure 5a shows two smaller and one larger carbon aggregates highlighted with white dotted curves. The two smaller aggregates are about 265 and 288 nm; the larger aggregate is 
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Journal of The Electrochemical Society, 157 ͑6͒ B906-B913 ͑2010͒ B908 about 603 nm. A striking difference between the smaller and larger aggregates is the size of their carbon primary particles. The primary particle size is about 50 nm for the larger aggregate and about 20 nm for the two smaller aggregates. Another difference ͑which is less apparent in Fig. 5a but is much more apparent in a different aggregate shown in Fig. 6a͒ is the dispersion of Pt catalyst particles ͑ϳ2 to 4 nm͒ on the carbon aggregates. The smaller aggregate ͑located in the lower right corner of Fig. 5a͒ has more Pt catalyst particles dispersed on it than the rest.
Starting from high vacuum ͑10 −5 Pa͒ and room temperature ͑25°C͒, the gas-cell TEM was purged with pure N 2 for five to seven times. After that, a 2% O 2 /He gas was gradually introduced into the gas-cell TEM until the cell pressure was reached and stabilized at 800 Pa. Once this stable pressure was achieved, the cell temperature was increased to 500°C. The temperature increase was almost instant due to the smaller size of the 2.3 mm TEM grid. In the experiment, the introduction of the 2% O 2 /He gas before the cell temperature increase was because the cell temperature was easier ͑than the cell pressure͒ to control. Figure 5b is a TEM micrograph showing the three aggregates after oxidation ͑gas-solid reaction͒ at 500°C and 800 Pa of 2% O 2 /He for 5 min. To accelerate the oxidation, the cell temperature was further increased to 550 and 600°C. Figure 5c corresponds to a condition after 500°C for 30 min and 550°C for 50 min, and Fig. 5d corresponds to a condition after 600°C for 50 min ͑following the condition for Fig. 5c͒ .
As seen from the TEM micrographs of Fig. 5a -d, all carbon aggregates had a reduced particle size. The extent of particle size reduction was dependent on the size of the primary particles and the nature of the aggregates ͑less clear in Fig. 5 but much clearer in Fig.  6͒ . Typically, aggregates with a large size of primary particles have a lesser size reduction. This is clearly shown in Fig. 5d : While the majority of the large aggregate ͑ϳ50 nm primary particles͒ still remained, the two smaller aggregates ͑ϳ20 nm primary particles͒ were totally removed ͑what remained to be seen was the Pt particles that were originally supported by the smaller aggregates͒. However, aggregates with more Pt particles dispersed on them were corroded faster. One of the two smaller aggregates located at the lower right corner ͑indicated by an arrow͒ had more Pt particles and were corroded faster than the rest. This could be explained by the following two reasons. First, this aggregate could be intrinsically more active due to more surface defects or functional groups. This aggregate is vulnerable to corrosion and is quickly corroded away under an oxidative attack. Second, studies showed that Pt particles promote carbon corrosion by 1-2 orders of magnitude in gas-phase oxidation of carbon.
26 Furthermore, it is well known that Pt appreciably lowers the ignition temperature of pure graphite powder in dry oxygen. 27 This means much more Pt particles could further accelerate the already fast corrosion process of the activated carbon aggregate. Figure 6a shows a carbon aggregate ͑highlighted with white dotted curves͒. This aggregate has much more Pt particles dispersed on it than adjacent aggregates. The gas-cell TEM was filled with a 373 Pa of 2% O 2 /He gas before heating. Figure 6b -d are snapshots when the cell temperature was just at 500°C, 500°C for 9 s, and 500°C for 28 s, respectively. This aggregate was completely corroded away after 28 s. A few changes were observed for adjacent aggregates. This clearly shows that the corrosion rate of carbon aggregates strongly depends on the nature of carbon aggregates.
Also observed from the present gas-cell TEM studies was the neck-breaking of carbon aggregates. Figure 7a shows two neck regions ͑indicated by arrows͒ in two aggregates. These aggregates have different primary particle sizes ͑ϳ60 nm for the aggregate on the left and ϳ30 nm for the aggregate on the right͒. They were subjected to thermal oxidation at 500°C in a 2% O 2 /He environment with a total pressure of 800 Pa for 5, 18, and 111 min. The TEM micrographs at these times are shown in Fig. 7b-d , respectively. The area decrease in the neck regions were seen from both aggregates ͑Fig. 7b and c͒ until they were completely broken down into two parts ͑Fig. 7d͒. This neck-breaking process was more clearly observed from the aggregate with 60 nm primary particles. Figure 7e and f compares the width of the neck region between the control ͑as in Fig. 7a͒ and oxidation after 18 min ͑as in Fig. 7c͒ and clearly shows the neck-breaking of this aggregate.
The high porosity of carbon blacks ͑ϳ80% for Vulcan XC-72͒ is due to the highly irregular morphology of the carbon aggregates. A morphology parameter, the anisometry, was measured and used to roughly describe the irregularity. The larger the value of the anisometry is, the more irregular the aggregates are. Studies by Hess et al. on many different carbon blacks suggested that the breakdown of carbon aggregates into smaller units is greater for the carbon aggregates with a large particle size and a higher anisometry. 6, 28 At this juncture, this correlation is not uniquely established in this work. It is not practical to obtain such information from the gas-cell TEM in a statistically meaningful way because gas-cell TEM experiments are not well posed for observations of large sample areas.
The gas-cell TEM studies also showed that center-hollowed carbon primary particles can be produced by extensive thermal oxidation. An example is given in Fig. 8 . At the control condition shown in Fig. 8a , the carbon primary particles had a uniform density ͑or image contrast͒ throughout individual entire primary particles. After oxidation at 500°C in a 200 Pa of 2% O 2 /He environment for 22 min ͑Fig. 8b͒, the primary particles became smaller ͑by removal of material from the surface͒, and the contrast in the central portion of some primary particles became brighter than that in the outer region. As the gas-phase oxidation proceeded, this observation became more obvious. Figure 8c and d are the TEM micrographs taken at 500°C in a 800 Pa of 2% O 2 /He environment for 54 min ͑Fig. 8c͒ and 320 min ͑Fig. 8d͒ following the oxidation condition for Fig. 8b . As seen from Fig. 8d , center-hollowed carbon particles ͑indicated by arrows͒ were produced. For clarity, a center-hollowed primary particle ͑indicated by the vertical arrow in ͑d͒ is shown in ͑e͒ and ͑f͒ at conditions corresponding to those of ͑a͒-͑c͒. This observation is consistent with Heckman and Harling's ex situ TEM oxidation results and their concentric crystallite structural model for carbon blacks. 7 A previous TEM tomography work from our laboratory 3, 29 verified that corroded carbon particles with a brighter contrast in the center were center-hollowed particles. These center-hollowed carbon particles suggest that carbon corrosion proceeds via an inside-out corrosion mode. 3 Electrochemical cell test.-In the experiment to corrode carbon particles supported on a TEM grid in an electrochemical cell, it is critical to find exactly the same region of interest in the TEM before and after the removal of the sample from the microscope for successive electrochemical treatments. One needs to find the exact same nanoscopic region in the microscope each time. This requires that one manually tracks the orientation of the TEM grid by spotting the center and rim marks on the TEM grid disk and the adjacent geometric features of the analyzed region. It also requires that the morphology and location of the carbon particles in the region should not be abruptly changed each time during electrochemical corrosion Figure 9a is the control condition before the electrochemical corrosion. This series of TEM micrographs clearly demonstrates the success in locating exactly the same region of interest in the TEM, though some clockwise rotation and downward translation of the central part of the sample is seen between the views in Fig. 9a and b .
Center-hollowed carbon primary particles were not observed after the electrochemical corrosion for 1110 min. A prolonged electrochemical corrosion for 4000 min was performed to see if such structures would result from a more extensive electrochemical corrosion. For comparison, Fig. 10a and b are the TEM micrographs after the corrosion for 1110 and 4000 min, respectively. The carbon primary particle had a size reduction of ϳ10% ͑calculated from the measured diameters from Fig. 10a and b͒. The contrast is uniform throughout the entire carbon primary particle, suggesting that this primary particle had a uniform corrosion starting from the surface toward the center. Examination of other regions of the sample after the corrosion for 4000 min found a few center-hollowed carbon primary particles. Figure 11a and b shows the comparison of the morphology of carbon primary particles at an as-controlled condition ͑Fig. 11a͒ and after electrochemical corrosion for 4000 min ͑Fig. 11b͒. The carbon primary particles at the as-controlled condition clearly has a uniform contrast from the center to the outer region; but the carbon primary particles after the electrochemical corrosion for 4000 min exhibits a brighter contrast in the center than in the outer region, indicating the center-hollowed morphology of those primary particles. Figure 12 shows that carbon particles with a denser Pt dispersion were quickly corroded away. The carbon particle with a crownlike shape in the area indicated by a white dashed circle ͑Fig. 12a͒ had more Pt particles than adjacent particles. After the electrochemical corrosion for 10 min ͑Fig. 12b͒, the crown had a significant size reduction, but its shape remained recognizable. After the corrosion for 110 min ͑Fig. 12c͒, the crown vanished.
The neck-breaking mode that was observed in the gas-cell TEM experiment was not observed in the electrochemical cell test. However, the current experimental setup using the TEM grids supporting carbon particles would not necessarily allow for the imaging of any abrupt geometrical changes to the analyzed particles. Any abrupt changes such as breakdown of large particles via neck-breaking mode may cause the particle sample to fall off the TEM grid or to shift, rotate, or overlap and to therefore not be recognizable in the TEM. Figure 13 presents the carbon corrosion rate and the integrated carbon mass loss ͑from CO 2 emissions͒ as a function of the testing time obtained from fuel cell testing at 30°C and 1.5 V vs RHE. Based on Fig. 13 , carbon weight losses at 10, 110, 1110 min were 0.2, 1.2, and 5.6% ͑of the total carbon weight in the cathode electrode͒, respectively. Please recall that no centerhollowed primary carbon particles were observed after the electrochemical cell test at 25°C and 1.5 V vs RHE for 1110 min. This may be due to the small amount of carbon weight loss ͑5.6%͒. The carbon weight loss after the corrosion for 4000 min is about 19% ͑the extrapolation from a region with a linear relation between the carbon weight loss and corrosion time is shown in Fig. 13͒ . In this case, a few center-hollowed carbon primary particles were observed. However, the majority of carbon primary particles still exhibited a uni- TEM micrographs of Vulcan XC-72 carbon particle with a crownlike shape and denser Pt dispersion ͑delineated by white dashed circle͒ after electrochemical cell test at 25°C and 1.5 V vs RHE in 0.1 M HClO 4 for ͑a͒ 0, ͑b͒ 10, and ͑c͒ 110 min. After the electrochemical corrosion for 10 min, the crown had significantly reduced in size but its shape remained recognizable. The crown vanished after 110 min.
Fuel cell test.-
form contrast from the center to the outer regions. This is qualitatively consistent with the gas-cell TEM results, which showed that center-hollowed carbon primary particles were observable only after substantial carbon corrosion. Figure 13 also shows that the corrosion rate can be roughly divided into two phases: ͑i͒ Starting from 1.87 ϫ 10 −1 A/g C ͑am-peres per gram of carbon͒ at t = 0 ͑testing time͒ min, the corrosion rate rapidly decreased to 4.89 ϫ 10 −2 A/g C at t = 50 min, and ͑ii͒ it further gradually decreased and leveled off to 2.39 ϫ 10 −2 A/g C at t = 540 min. This observation is qualitatively in agreement with the observations of Kinoshita and Bett. 30, 31 They measured the carbon corrosion current ͑CO 2 evolution rate͒ for Vulcan XC-72 at 160°C under potential control ͑0.8-1.2 V vs RHE͒ in H 3 PO 4 and found that the corrosion current started out relatively high but decreased asymptotically with time.
It is generally understood that phase I ͑high rate of carbon corrosion͒ is due to the formation of carbon surface oxides and/or to the evolution of gaseous oxides from surface oxides ͑Eq. 3͒, and phase II ͑low rate of carbon corrosion͒ is due to the direct formation of gaseous oxides CO 2 ͑Eq. 1͒ and perhaps CO ͑Eq. 2, the CO generated is not released directly but is oxidized into CO 2 ͒. Kinoshita and Bett 30, 31 found that the surface oxides were mainly formed within the 100 min anodic oxidation of Vulcan XC-72. According to the present gas-cell TEM and electrochemical cell tests, active carbon aggregates with denser Pt particles dispersed on them were totally removed within the first 100 min. This suggests that the high rate of carbon corrosion in phase I was contributed by both the formation/ evolution of surface oxides and the corrosion of active bulk carbon aggregates. While the surface oxides formation/evolution has little detrimental effect on the electrode porosity and structural framework, the active corrosion of bulk carbon aggregates may have. Further investigation is required to know how much contribution to the corrosion rate by active bulk carbon aggregate and how the total removal of them affect the electrode porosity and structural framework.
Although the nature of carbon corrosion in gas-cell TEM ͑gas-phase͒, electrochemical cell ͑liquid-phase, with potential͒, and fuel cell ͑gas-and liquid-phase, with potential͒ is different, there are similarities in physical structural changes after carbon corrosion under these types of carbon corrosion. First, some aggregates were totally removed within the first 100 min of corrosion. This was observed in both the gas-cell TEM and electrochemical cell, and it may occur in the fuel cell based on the high rate of carbon corrosion measured in the early stage of fuel cell test, as shown Fig. 13 . Second, some aggregates were broken into smaller units via neckbreaking. In this work, this phenomenon was observed in the gascell TEM but was not confirmed in the electrochemical cell and fuel cell tests. Third, some primary particles were corroded starting from the center toward the outer region. This inside-out corrosion mode produced center-hollowed primary particles and was observed in the gas-cell TEM, electrochemical cell, and fuel cell. 3 Lastly, some primary particles were uniformly corroded by the removal of material from the surface of primary particles. In this mode, the size of the primary particles gradually decreases with corrosion time. This uniform corrosion mode was observed in the gas-cell TEM and electrochemical cell, and it was suggested to occur in the fuel cell by a measured linear relationship between the carbon weight loss and corrosion time as shown in Fig. 13 .
Conclusions
This work revealed that the corrosion of Vulcan XC-72 nanoparticles under thermal and electrochemical conditions results in the following structural change modes: ͑i͒ total removal of structurally weak aggregates, ͑ii͒ inside-out corrosion starting from the center of primary particles, and ͑iii͒ uniform corrosion by the removal of material from the surface of primary particles. In addition, breakdown of aggregates occurs via neck-breaking in the gas-cell TEM. This neck-breaking mode is, however, not observed in the electrochemical cell test. Two things should be kept in mind: ͑i͒ These structural change modes could take place in sequence or simultaneously depending on the competition of carbon corrosion dynamical processes ͑kinetics͒, and ͑ii͒ despite the similarities in physical structure changes, the correlation of carbon corrosion in the gas-cell TEM, electrochemical cell, and fuel cell has not been unequivocally established.
It is speculated from the studies in our laboratory at General Motors that different types of carbon blacks may have a strong effect on the roles played by the above carbon structural change modes and consequently on their contributions to fuel cell electrode structure degradation. Further study is underway on the comparison of Vulcan XC-72 and Ketjenblack EC 300J ͑AkzoNobel Corp.͒ Ketjenblack EC 300J is a type of high surface area carbon black ͑ϳ800 m 2 /g surface area͒, which is also frequently used as an electrocatalyst support. We will report the results of this comparative study in a separate communication. Figure 13 . Plot of carbon corrosion rate and weight loss with time obtained from an MEA after a fuel cell testing at 30°C and 1.5 V vs RHE for 1500 min.
